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Frpelqlqj Zdyhohwv dqg Krwhoolqj
wudqvirupv lq Lpdjh Txhu|
Vro Qhhpdq
Mrkqvrq dqg Zdohv Xqlyhuvlw|
Lqwurgxfwlrq
Lq wkh frqwhqw edvhg lpdjh txhu|/ dovr uhihuuhg wr dv txhu| e| h{dpsoh/
vlplodulw| uhwulhydo ru vnhwfk uhwulhydo/ wkh txhu| lpdjh lv surylghg e| wkh
xvhu hlwkhu dv d vnhwfk ri wkh remhfw/ dv wkh rxwsxw ri d vfdqqhu ru d ylghr fdphud1
Vrph ri wkh gl!fxowlhv dvvrfldwhg zlwk frqwhqw edvhg lpdjh txhu| duh ghvfulehg
lq ^4‘/ h1j1 vljqlfdqw glhuhqfhv ehwzhhq wkh txhu| lpdjh dqg wkh wdujhw
lpdjh/ duwlidfwv dqg srru uhvroxwlrq ri wkh txhu| lpdjh pdnh d vwudljkwiruzdug
frpsdulvrq ri lpdjhv xvlqj O dqg O2 phwulfv qrw hhfwlyh1
Lq ^5‘ d qhz vwudwhj| lv vxjjhvwhg edvhg rq zdyhohw ghfrpsrvlwlrq ri wkh txhu|
lpdjh dqg wkh gdwdedvh lpdjhv frpelqhg zlwk d phwulf zklfk lv ghvljqhg wr eh
lqvhqvlwlyh wr vpdoo glhuhqfhv lq wkh txhu| surfhvv1 Wklv dssurdfk lv irxqg wr eh
idvw dqg ryhufrphv wkh deryh phqwlrqhg sureohpv1
Zdyhohw frh!flhqwv ri dq lpdjh pd| yhu| vwurqjo| zkhq wkh lpdjh lv glvsodfhg
ru urwdwhg +xqolnh froru klvwrjudp ri dq lpdjh zklfk lv lqyduldqw xqghu glvsodfh0
phqw dqg urwdwlrq,1 Dowkrxjk wkh phwulf vxjjhvwhg lq ^5‘ lv pruh urexvw wr wkhvh
huuruv zkhq frpsduhg wr wkh O dqg O2 phwulf +exw zruvh zkhq frpsduhg wr wkh
phwulf edvhg rq froru klvwrjudpv,/ vwloo wkh huuru lv vljqlfdqw1
Lq wklv sdshu zh surylgh vrph h{shulphqwdo gdwd rq wkh vhqvlwlylw| ri wkh
zdyhohw frh!flhqwv wr glvsodfhphqw dqg urwdwlrq lq wkh frqwh{w ri wkh vwdqgdug
fkdudfwhuv dqg vxjjhvw dq lqwhjudwlrq ri wkh Krwhoolqj wudqvirup wr lpsuryh rq
wklv vhqvlwlylw|1 Zh dovr surylgh vrph h{shulphqwdo gdwd rq wkh glvwulexwlrq ri
wkh odujhvw zdyhohw frh!flhqwv dw glhuhqw ohyhov ri wkh zdyhohw ghfrpsrvlwlrq
dqg glvfxvv vrph txhvwlrqv uhohydqw wr wkh dssurdfk ri xvlqj d vhw ri wkh odujhvw
zdyhohw frh!flhqwv iru lpdjh txhu|1
Ryhuylhz ri wklv sdshu
Vhfwlrq 5 ghvfulehv wkh frqwhqw edvhg lpdjh txhu| xvlqj zdyhohw ghfrpsr0
vlwlrq dv ghvfulehg lq ^4‘ dqg ^5‘/ lqfoxglqj wkh u^ phwulf xvhg wr frpsduh wkh
zdyhohw frh!flhqwv ri wkh txhu| lpdjh dqg wkh wdujhw lpdjh1 Lq vhfwlrq 6 wkh
Krwhoolqj wudqvirup lv ghvfulehg lqfoxglqj lwv dojheud1 Vhfwlrq 7 ghvfulehv vrph
h{shulphqwdo uhvxowv xvlqj PDWODE uhjduglqj wkh vhqvlwlylw| ri wkh u^ phwulf
wr urwdwlrq dqg glvsodfhphqw ri dq lpdjh1 Vhfwlrq 8 zloo ghvfuleh wkh xvh ri wkh
Krwhoolqj wudqvirup wr lpsuryh wkh lpdjh txhu| surfhvv1 Lq vhfwlrq 9 zh glvfxvv
vrph txhvwlrqv uhjduglqj wkh vhw ri wkh odujhvw zdyhohw frh!flhqwv dv uhsuhvhqwlqj
dq lpdjh= lwv vl}h/ lwv glvwulexwlrq dw glhuhqw ohyhov ri wkh zdyhohw ghfrpsrvlwlrq
dqg wkh u^ phwulf xvhg wr frpsduh wzr vxfk vhwv1
51 Frqwhqw edvhg lpdjh txhu| xvlqj zdyhohw ghfrpsrvlwlrq
Vrph ri wkh suhylrxv dssurdfkhv wr frqwhqw edvhg lpdjh txhu|/ lqfoxgh wkh
xvh ri fhuwdlq surshuwlhv ri wkh lpdjhv ru d frpelqdwlrq ri wkhvh surshuwlhv1 Iru
h{dpsoh/ wkh xvhu pd| vshfli| d froru frpelqdwlrq +froru klvwrjudp,/ d wh{wxuh/
jhrphwulfdo ihdwxuhv+h1j1 hgjhv/ vkdshv ru pdmru d{lv rulhqwdwlrq, ru d urxjk
vnhwfk ri wkh lpdjh1 Wkh pxowluhvroxwlrq dssurdfk vxjjhvwhg lq ^5‘ dsshduv wr
kdyh d vxffhvv udwh dw ohdvw dv jrrg dv wkdw ri rwkhu v|vwhpv wkdw zrun iurp
d vlpsoh xvhu vnhwfk1 Wklv dssurdfk kdv vrph dgydqwdjhv zkhq frpsduhg wr
wkh suhylrxv rqhv1 Iluvw/ Lw ghfrxsohv wkh uhvroxwlrq ri wkh txhu| lpdjh dqg
wkh wdujhw lpdjh dqg khqfh wkh txhu| lpdjh fdq eh vshflhg dw dq| uhvroxwlrq1
Vhfrqg/ wkh shuirupdqfh +uxqqlqj wlph, lv lqghshqghqw ri wkh uhvroxwlrq ri wkh
gdwdedvh lpdjhv+rqo| wkh vhw frqwdlqlqj wkh odujhvw zdyhohw frh!flhqwv lv xvhg lq
wkh frpsdulvrq uhjdugohvv ri wkh uhvroxwlrq ri wkh lpdjhv, dqg wklug/ lw surylghv
d vlpsoh dojrulwkp dqg d frpsdfw frgh lq wkh lpsohphqwdwlrq1
Dv ghvfulehg lq ^5‘/ d zdyhohw ghfrpsrvlwlrq lv dssolhg wr wkh gdwdedvh lp0
djhv+froru lpdjhv/ ri vl}h 45;{45;, / xvlqj Kddu zdyhohwv +vlpsoh wr frpsxwh, dqg
vwdqgdug ghfrpsrvlwlrq1 Wkhq/ doo exw wkh 93 +h{shulphqwdo uhvxow, odujhvw +lq
pdjqlwxgh, frh!flhqwv duh wuxqfdwhg iru hdfk froru fkdqqho 1 Wkhvh uhpdlqlqj 93
frh!flhqwv duh wkhq txdqwl}hg wr wzr ohyhov rqo|/ .4 dqg 04 iru srvlwlyh dqg qhj0
dwlyh frh!flhqwv uhvshfwlyho|1 Wkh phwulf ghyhorshg +ghqrwhg e| u^,/ frpsduhv
rqo| wkh lqglfhv ri wkhvh 93 odujhvw/ txdqwl}hg frh!flhqwv ri wkh txhu| lpdjh zlwk
wkrvh ri wkh gdwd edvh lpdjhv/ dqg wkh vfruhv ri wklv frpsdulvrqv duh xvhg wr
sxoo wkh 53 ehvw pdwfkhv iurp wkh gdwdedvh1 Wkh wuxqfdwlrq dqg txdqwl}dwlrq duh
vljqlfdqw lq wklv dssurdfk/ vlqfh wkh| uhgxfh wkh vhdufk wlph dqg wkh vwrudjh uh0
txluhphqwv/ exw pruh lpsruwdqwo| wkh| lpsuryh wkh shuirupdqfh ri wkh u^ phwulf
xvhg lq frpsdulqj wkh txhu| lpdjh wr wkh wdujhw1 Wklv lv ehfdxvh wkh wuxqfdwlrq
dqg txdqwl}dwlrq pdnh wkh u^ phwulf wrohudqw wr vpdoo glhuhqfhv ehwzhhq wkh
txhu| lpdjh dqg wkh wdujhw zkloh jlylqj pruh zhljkw wr wkh vljqlfdqw ihdwxuhv
wkdw duh forvho| pdwfkhg1 Zkhq frpsduhg wr wkh u dqg u2 phwulfv +zklfk wdnh
lq dffrxqw doo wkh 2H2 zdyhohw frh!flhqwv ri wkh lpdjhv,/ dqg wkh uS phwulf/ wkh
phwulf wkdw xvhv froru klvwrjudpv/ wkh u^ phwulf kdv d ehwwhu vxffhvv udwh1
Dv wr wkh urexvwqhvv ri wkh pxowluhvroxwlrq dssurdfk wr glvwruwlrq gxh wr lpdjh
urwdwlrq dqg glvsodfhphqw ri wkh txhu| lpdjh/ zkhq frpsduhg wr wkh u dqg
u2 phwulfv/ wkh u^ phwulf kdv d ehwwhu vxffhvv udwh/ exw zkhq frpsduhg wr wkh
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uS phwulf/ lwv shuirupdqfh lv zruvh +vlqfh froru klvwrjudpv duh qrw vhqvlwlyh wr
urwdwlrq dqg wudqvodwlrq,1
61 Wkh Krwhoolqj Wudqvirup dqg wkh sulqflsdo d{lv ri dq lpdjh
Wkh Krwhoolqj wudqvirup lv d olqhdu wudqvirupdwlrq ri d vhw ri q glphqvlrqdo
yhfwruv wkdw ghfruuhodwhv wkh q frruglqdwhv1 Zkhq dssolhg wr dq 50glphqvlrqdo
lpdjh/ wkh wudqviruphg lpdjh zloo eh doljqhg dorqj lwv sulqflsdo d{lv1
Wkh Krwhoolqj wudqvirup fdq eh xvhg wr lpsuryh wkh urexvwqhvv wr glvwruwlrq
ri wkh lpdjh gxh wr urwdwlrq dqg glvsodfhphqw1 Wkh lpsuryhphqw wkrxjk/ zrxog
lqfuhdvh wkh uxqqlqj wlph ri wkh lpdjh txhu|1
Wklv wudqvirupdwlrq lv d frpelqdwlrq ri glvsodfhphqw dqg urwdwlrq ri wkh re0
mhfw1 Wkh fhqwurlg ri wkh lpdjh+wkh dyhudjh ri wkh { dqg | frruglqdwhv ri doo sl{hov,
lv vkliwhg wr wkh ruljlq dqg wkh lpdjh lv urwdwhg e| dq dqjoh wkdw plqlpl}hv lwv
prphqw ri lqhuwld^7‘1 Jhrphwulfdoo| wkh wudqviruphg lpdjh zloo eh rulhqwhg lq wkh
gluhfwlrq lq zklfk lw vhhpv wr eh wkh prvw *horqjdwhg*1
Lq lpdjh uhfrjqlwlrq wklv wudqvirupdwlrq lv khosixo/ vlqfh wkh lghqwlw| ri wkh
remhfw lv qrw nqrzq dqg doljqlqj wkh lpdjh zlwk lwv sulqflsdo d{lv fdq khos uhpryh
wkh hhfwv ri wudqvodwlrq dqg urwdwlrq lq wkh dqdo|vlv1
Iluvw zh ghvfuleh wkh Krwhoolqj wudqvirup1 Jlyhq d vhw & ri ?0glphqvlrqdo
froxpq yhfwruv= fc f2c c f& /wkh fryduldqfh pdwul{ ri wkh yhfwru srsxodwlrq lv
jlyhq e|=
% ’ .dEf 6%Ef 6%
A o
zkhuh 6% lv wkh phdq yhfwru ri wkh srsxodwlrq1
% lv d q{q uhdo v|pphwulf pdwul{ zkrvh S hqwu| htxdov wkh fryduldqfh eh0
wzhhq wkh | dqg wkh | frruglqdwhv ri wkh yhfwru srsxodwlrq1 Li S ’ fc wkhq
wkh | dqg wkh | frruglqdwhv duh ghfruuhodwhg1 Zkhq S : f ru S 	 f wkhq wkh
wkhuh lv d srvlwlyh ru d qhjdwlyh fruuhodwlrq ehwzhhq wkh | dqg wkh | frruglqdwhv/
uhvshfwlyho|1
Wkh Krwhoolqj wudqvirup pdsv wkh jlyhq yhfwru srsxodwlrq/ [/ lqwr d yhfwru
srsxodwlrq \ +wkdw frqvlvwv ri n/ q0glphqvlrqdo yhfwruv, vxfk wkdw6+ ’ f dqg + /
wkh fryduldqfh ri wkh qhz yhfwru srsxodwlrq lv d q{q gldjrqdo pdwul{ dqg wkhuhiruh
wkh | dqg wkh | frruglqdwhv ri wkh qhz yhfwru srsxodwlrq duh ghfruuhodwhg iru
doo  9’ 1 Wr vhh wkh uhohydqfh ri wkh Krwhoolqj wudqvirup wr doljqlqj 50glphqvlrqdo
lpdjh zlwk lwv sulqflsdo d{lv/ frqvlghu dq lpdjh frpsrvhg ri p{q sl{hov 1 Li wkh
E%c + frruglqdwhv ri hdfk sl{ho lv suhvhqwhg dv d 50glphqvlrqdo yhfwru/ wkh lpdjh
wkhq lv uhsuhvhqwhg e| d vhw ri p{qc 50glphqvlrqdo/ yhfwruv1 Zkhq wkh Krwhoolqj
wudqvirup lv dssolhg wr wklv yhfwru srsxodwlrq/ wkh phdq yhfwru ri wkh qhz yhfwru
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srsxodwlrq/ 6+ ’ fc dqg lwv fryduldqfh zloo eh gldjrqdo/ zklfk phdqv wkdw wkh %
dqg + frruglqdwhv duh ghfruuhodwhg1
Jhrphwulfdoo| wklv zrxog phdq wkdw wkh fhqwurlg ri wkh ruljlqdo lpdjh zdv
vkliwhg wr wkh ruljlq dqg wkh lpdjh zdv urwdwhg vr wkdw lwv sulqflsoh d{lv lv doljqhg
zlwk wkh [0d{lv1
Dojheud ri wkh Krwhoolqj wudqvirup
Ohw f eh d vhw ri &c ?0glphqvlrqdo froxpq yhfwruv= fc f2c c f&







dqg wkh fryduldqfh pdwul{ ri wkh yhfwru srsxodwlrq /fc lv=
% ’ .dEf 6%Ef 6%
A o ’





















Qrz/ % lv d q{q uhdo dqg v|pphwulf pdwul{ +ehfdxvh lw lv wkh vxp ri wkh
surgxfwv ri yhfwruv e| wkhlu wudqvsrvh dqg wkh hqwulhv ri wkh yhfwruv/ zklfk duh
wkh sl{ho frruglqdwhv/ duh uhdo ydoxhv,> wkhuhiruh lw kdv q uhdo hljhq ydoxhv dqg q
uhdo ruwkrjrqdo hljhq yhfwruv^8‘1
Ohw bc b2c c b? eh wkh q hljhq ydoxhv zlwk b  b2    b? dqg Tc T2c c T?
eh wkh fruuhvsrqglqj vhw ri ruwkrqrupdo hljhq yhfwruv/ zkhuh Tfruuhvsrqgv wr b/
wkh odujhvw hljhq ydoxh1











Wkh Krwhoolqj wudqvirup lv wkhq wkh olqhdu wudqvirupdwlrq jlyhq e|=
t ’ Ef 6%  ’ c 2c c &
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Ef 6% ’ f
dqg wkh fryduldqfh pdwul{ ri wkh yhfwru srsxodwlrq t lv gldjrqdo=
























































T T2  T?















bT b2T2  b?T?












+zkhuh wkh odvw htxdolw| lv ehfdxvh wkh hljhq yhfwruv duh ruwkrqrupdo,1
71 Vhqvlwlylw| ri wkhZdyhohw Wudqvirup wr urwdwlrq dqg glvsodfhphqw
ri dq lpdjh
Qh{w zh suhvhqw vrph h{shulphqwdo gdwd rq wkh vhqvlwlylw| ri wkh zdyhohw
wudqvirup wr urwdwlrq dqg glvsodfhphqw lq wkh frqwh{w ri wkh vwdqgdug fkdudfwhuv1
Ohw dq lpdjh dqg lwv urwdwhg yhuvlrq eh uhsuhvhqwhg e| wkh pdwulfhv f dqg f-
uhvshfwlyho| dqg wkh zdyhohw wudqvirup eh uhsuhvhqwhg e| wkh pdwul{ ‘ 1 Vlqfh
wkh zdyhohw edvlv lv dq ruwkrqrupdo edvlv/ lw suhvhuyhv wkh u2 qrup ^;‘ dqg vr wkh
uhodwlyh huuru zkhq frpsdulqj f dqg f- / l1h1
8f3f-8
8f8
/ htxdov wkh uhodwlyh huuru
zkhq frpsdulqj wkhlu zdyhohw frh!flhqwv/ l1h1 8`f3`f-8
8`f8

Exw zkhq wkh zdyhohw frh!flhqwv duh wuxqfdwhg dqg txdqwl}hg / wkh uhodwlyh
huuru lq frpsdulqj rqo| d olplwhg vhw ri wkh frh!flhqwv+odujhvw lq pdjqlwxgh,
ghshqgv rq wkh glvwulexwlrq ri wkh frh!flhqw ydoxhv1 Wkh zdyhohw wudqvirup zloo
frqwdlq pdq| frh!flhqwv zkrvh pdjqlwxgh lv vpdoo iru lpdjhv zlwk kljk ghjuhh
ri uhjxodulw|1 Iroorzlqj ^5‘/ zh frpsduh wkh 93 odujhvw frh!flhqwv dqg suhvhqw wkh
huuru dv wkh qxpehu ri plvpdwfkhv1
Wkh h{shulphqwdo uhvxowv zhuh surgxfhg xvlqj PDWODE Zdyhohw Wrroer{
dqg wkh Lpdjh Surfhvvlqj Wrroer{1 Wkh lpdjhv frqwdlq prqrfkurpdwlf elwpds
doskdehw fkdudfwhuv/ vwdqgdug xsshu fdvh Qhz Frxulhu/ vl}h :5/ fuhdwhg xvlqj
SDLQW0EUXVK1 Hdfk fkdudfwhu zdv uvw doljqhg vr wkdw lwv fhqwurlg zdv dw wkh
fhqwhu ri d 55;{55; lpdjh1
Wkh uhvxowv jlyhq duh uhohydqw lq wkh frqwh{w ri wkh vwdqgdug doskdehw fkdudf0
whuv dqg wkh| pd| ydu| iru glhuhqw w|shv ri gdwdedvh lpdjhv/ khqfh iru d vshflf
dssolfdwlrq wklv h{shulphqw vkrxog eh gxsolfdwhg wr jhw d ehwwhu uhsuhvhqwdwlrq ri
wkh huuruv1
Wkh uvw whvw surylghv wkh gdwd rq wkh vhqvlwlylw| ri wkh odujhvw 93 zdyhohw
frh!flhqwv wr urwdwlrq ri wkh lpdjh1 Wr dyrlg wkh huuru uhvxowlqj iurp wkh plv0
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pdwfk ri wkh hgjhv ri wkh urwdwhg lpdjh zkhq frpsduhg wr wkh ruljlqdo/ wkh fhqwudo
+45;{45;, sruwlrq +zklfk lqfoxghv wkh fkdudfwhu, ri wkh 55;{55; lpdjh zdv ur0
wdwhg dqg wkh odujhvw 93 zdyhohwv frh!flhqwv zhuh txdqwl}hg wr wkh ydoxhv 	
dqg frpsduhg wr wkh odujhvw 93 zdyhohw frh!flhqwv ri wkh fhqwhu sruwlrq ri wkh
xqurwdwhg fkdudfwhu1
Zh xvh wkh vdph udqjh dqg uhvroxwlrq dv lq ^5‘ wr suhvhqw wkh huuruv dvvrfldwhg
zlwk urwdwlrq dqg wudqvodwlrq ri wkh lpdjh1
Ilj1 4 vkrzv wkh uhodwlyh huuru lq ( +l1h1/ qxpehu ri plvpdwfkhv -433(293,
iru vrph ri wkh vwdqgdug doskdehw fkdudfwhuv1 Uhvxowv duh suhvhqwhg iru dqjoh ri
urwdwlrq lq wkh udqjh 3 wr 78 ghjuhhv lq vwhsv ri 8 ghjuhhv1 Wkh uhodwlyh huuru lv
forvho| olqhdu zlwk uhvshfw wr wkh dqjoh ri urwdwlrq1 Qrwh wkdw wkh uhodwlyh huuru iru
wkh fkdudfwhuv *F* dqg *G* zklfk kdyh udgldo v|pphwu|/ lv ohvv wkdq wkh huuru iru
wkh fkdudfwhuv *E*/ *D* dqg *]*1 Wkh huuruv iru wkh odwwhu fkdudfwhuv duh vljqlfdqwo|
kljk dqg duh lq wkh udqjh ri 73( wr 83( iru d urwdwlrq ri 43 ghjuhhv1
Lq wkh vhfrqg whvw zh fkhfnhg wkh hhfw ri glvsodfhphqw rq wkh odujhvw zdyhohw
frh!flhqwv1 Wkh fkdudfwhu zdv glvsodfhg e| d fhuwdlq shufhqwdjh ri wkh zlgwk
ri wkh fkdudfwhu+3 wr 83(/ lq vwhsv ri 8(, dqg wkh 93 odujhvw zdyhohw frh!flhqwv
zhuh frpsduhg wr wkrvh ri wkh ruljlqdo lpdjh1 Ilj1 5 vkrzv wkh uhvxowv iru wkh
vdph vwdqgdug doskdehw fkdudfwhuv1 Zkloh wkh uhodwlyh huuru iru wkh glhuhqw
fkdudfwhuv lv forvho| wkh vdph/ qrwh wkdw wkh huuru lq jhqhudo lv yhu| vljqlfdqw
gxh wr glvsodfhphqw iru doo 8 fkdudfwhuv1 Iru h{dpsoh/ d glvsodfhphqw ri wkh lpdjh
e| 314 ri wkh zlgwk ri wkh lpdjh uhvxowv lq d uhodwlyh huuru lq wkh udqjh ri :8(0;8(
1 Wkh huuru gxh wr glvsodfhphqw zloo eh uhpryhg e| wkh Krwhoolqj wudqvirup vlqfh
wkh wudqviruphg lpdjh zloo eh doljqhg zlwk lwv fhqwurlg dw wkh ruljlq1
Ilj1 6 dqg 7 surylgh vrph uhvxowv rq wkh huuru gxh wr urwdwlrq dqg wudqvodwlrq
iru d ihz glhuhqw zdyhohw edvhv1 Wkh *kddu* zdyhohw lv pruh vhqvlwlyh wr urwdwlrq
dqg glvsodfhphqw zkhq frpsduhg wr *ge5*/ *ge7* dqg *frli* zdyhohwv1 Wklv lv
ehfdxvh wkh odwwhu zdyhohwv kdyh d zlghu vxssruw dqg xvh d odujhu qhljkerukrrg
uhvxowlqj lq vwurqjhu dyhudjlqj hhfw zklfk pdnh wkhp ohvv vhqvlwlyh wr urwdwlrq
dqg glvsodfhphqw1 Rq wkh rwkhu kdqg/ wklv phdqv wkdw wkh| zrxog kdyh zruvh
shuirupdqfh lq glvfulplqdwlqj ehwzhhq glhuhqw lpdjhv +frpsduhg wr *kddu*,1
81 Frpelqlqj wkh Krwhoolqj wudqvirup lq wkh txhu| surfhvv
Dv zdv phqwlrqhg ehiruh/ wkh huuru gxh wr glvsodfhphqw zloo eh holplqdwhg e|
wkh Krwhoolqj wudqvirup vlqfh wkh lpdjh fhqwurlg zloo eh doljqhg zlwk wkh ruljlq1
Wkh sureohp lv qrw vlpsoh zkhq lw frphv wr wkh huuru gxh wr urwdwlrq1 Wkh dqjoh
ri rulhqwdwlrq ri dq lpdjh/ ghshqgv rq wkh jhrphwu| ri wkh lpdjh1 Wkxv vrph
lpdjhv pd| kdyh d sulqflsoh d{lv zklfk pd| eh vhqvlwlyh wr voljkw yduldwlrqv lq wkh
:
jhrphwu| ri wkh lpdjh dqg rwkhuv pd| qrw1 Iru h{dpsoh/ remhfwv zlwk d jhrphwu|
wkdw vwurqjo| uhvhpeohv d uhfwdqjxodu zrxog kdyh d sulqflsdo d{lv qrw vhqvlwlyh
wr vpdoo glvwruwlrqv/ zkloh d jhrphwu| wkdw uhvhpeohv d vtxduh ru flufoh zrxog eh
vhqvlwlyh wr vpdoo glvwruwlrqv1 Ehfdxvh ri wkdw/ wkh Krwhoolqj wudqvirup fdqqrw eh
lqwhjudwhg lq d vwudljkwiruzdug pdqqhu dqg udwkhu wkdq lpsurylqj wkh txhu|/ lw
pd| pdnh lw zruvh/ vlqfh wkhvh remhfwv pd| eh urwdwhg e| dq xqsuhglfwdeoh dqg
xqghvludeoh dqjoh1
Wr ryhufrph wklv sureohp/ rqfh wkh txhu| lpdjh lv jlyhq dqg lwv sulqflsdo
d{lv frpsxwhg e| wkh Krwhoolqj wudqvirup/ wkh dqjoh ri urwdwlrq wkdw fruuhvsrqgv
wr wkh sulqflsdo d{lv fdq eh fkhfnhg1 Li wkh ydoxh lv zlwklq vrph shuplvvleoh
zlqgrz+zklfk zloo ghshqg rq wkh dssolfdwlrq, wkh wudqviruphg lpdjh+l1h1 wkh
fhqwhuhg dqg urwdwhg lpdjh dffruglqj wr lwv sulqflsdo d{lv, fdq eh xvhg dv wkh
txhu| lpdjh1 Rwkhuzlvh/ zh irup d vhw ri lpdjhv/ +zklfk zh fdoo dq lpdjh txhu|
vhw, wkdw zloo lqfoxgh wkh ruljlqdo txhu| +zlwk lwv fhqwurlg doljqhg dw wkh ruljlq,
dqg d ihz urwdwhg +erwk forfnzlvh dqg dqwl forfnzlvh, yhuvlrqv ri wkh lpdjh txhu|1
Wklv vhw wkhq zloo eh xvhg lq wkh txhu| surfhvv1 Udwkhu wkdq frpsdulqj d vlqjoh
txhu| lpdjh/ hdfk ri wkh lpdjhv lq wkh txhu| vhw zloo eh frpsduhg wr wkh wdujhwv
lq wkh gdwdedvh/ dqg wkh vfruh fdq eh d zhljkwhg vxp ri wkhvh frpsdulvrqv+ru
dowhuqdwlyho|/ wkh vfruh fdq eh wkdw ri wkh ehvw pdwfk dprqj wkh urwdwhg yhuvlrqv,1
Dv wr zkdw lv wkh shuplvvleoh dqjoh dqg krz pdq| lpdjhv wkh txhu| vhw vkrxog
lqfoxgh/ wklv zrxog ghshqg rq wkh dssolfdwlrq/ wkh w|sh ri lpdjhv/ wkh ghvludeoh
vhdufk vshhg dqg wkh ohyho ri huuru vlqfh wkhuh lv d wudgh r ehwzhhq wkh txhu|
wlph dqg wkh vxffhvv udwh1 Gdwd wkdw surylgh wkh uhodwlyh huuru dv d ixqfwlrq ri
urwdwlrq fdq khos lq ghwhuplqlqj wkh zlgwk ri wkh shuplvvleoh zlqgrz dqg wkh
qxpehu ri lpdjhv lq wkh lpdjh txhu| vhw1
Lq wkh lpsohphqwdwlrq ri wkh Krwhoolqj wudqvirup/ wkh hljhq yhfwru fruuhvsrqg0
lqj wr wkh odujhvw hljhq ydoxh ri wkh fryduldqfh pdwul{ surylghv wkh dqjoh wkdw wkh
lpdjh kdv wr eh urwdwhg vr wkdw lwv sulqflsdo d{lv zrxog eh doljqhg zlwk wkh [0d{lv1
Wdeoh 4 surylghv vrph h{shulphqwdo uhvxowv looxvwudwlqj wkh lpsuryhphqw wkdw
fdq eh dfklhyhg e| xvlqj wkh Krwhoolqj wudqvirup wr doljq dq lpdjh ehiruh lwv
frpsdulvrq1 Wkh Krwhoolqj wudqvirup zdv lpsohphqwhg lq PDWODE xvlqj wkh
*Kddu* zdyhohw/ dqg wkh qrq0vwdqgdug ghfrpsrvlwlrq1 Wkh wdeoh vkrzv uvw wkh
huuru lq frpsdulqj d kdqg vnhwfkhg txhu| fkdudfwhu zlwk lwv vwdqgdug frxqwhusduw
dqg wkh huuru lq frpsdulqj wkh wudqviruphg vdph kdqg vnhwfkhg fkdudfwhu dqg lwv
frxqwhusduw vwdqgdug fkdudfwhu1 Lq wkh lpsohphqwdwlrq ri wkh Krwhoolqj wudqvirup/
rqfh wkh lpdjh lv fhqwhuhg/ wkh urwdwlrq dqjoh surylghg e| wkh Krwhoolqj wudqvirup
zdv fkhfnhg1 Li wkh dqjoh zdv ohvv wkdq 43 ghjuhhv/ wkh lpdjh zrxog eh urwdwhg
;
rwkhuzlvh lw zloo rqo| eh vkliwhg vr wkdw lwv fhqwurlg lv dw wkh ruljlq1 Uhvxowv duh
suhvhqwhg iru d ihz glhuhqw doskdehwv zlwk d glvwlqfw sulqflsdo d{lv1
A@K,e G Wkh uhodwlyh huuru +(, ehwzhhq wkh odujhvw 93 frh*v ri d kdqg vnhwfkhg
txhu| fkdudfwhu dqg lwv frxqwhusduw vwdqgdug fkdudfwhu zlwk dqg zlwkrxw wkh Krwhoolqj
wudqvirup
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91 Rswlpdo vhw ri wkh odujhvw zdyhohw frh!flhqwv dqg wkhlu glvwulex0
wlrq dw glhuhqw ohyhov ri wkh zdyhohw ghfrpsrvlwlrq
Qh{w zh suhvhqw vrph txhvwlrqv uhohydqw wr wkh dssurdfk wkdw xvhv wkh vhw ri
wkh odujhvw zdyhohw frh!flhqwv iru lpdjh txhu|1
Wkh uvw txhvwlrq lv krz uholdeoh fdq d vhw ri odujhvw zdyhohw frh!flhqwv eh
dv d glvfulplqdwlqj wrro lq lpdjh txhu|1 Fohduo| wkh dqvzhu ghshqgv rq wkh w|sh
ri lpdjhv xvhg lq wkh gdwd edvh1 Fdq fhuwdlq ihdwxuhv lq wkh lpdjhv frpsulvlqj
wkh gdwd edvh+h1j1 hgjhv/ frqwrxu olqhv/ wkh judglhqw ri dq lpdjh, fdq eh fds0
wxuhg e| wkh vhw ri wkh odujhvw zdyhohw frh!flhqwv vr wkdw wkh| fdq eh xvhg dv d
glvfulplqdwlqj wrro lq lpdjh txhu|B Dv dq h{shulphqwdo dssurdfk rqh pd| wdnh
d uhsuhvhqwdwlyh vdpsoh ri wkh gdwd edvh/ wkhq frpsxwh d pdwul{ zklfk surylghv
wkh huuru lq doo sdluzlvh frpsdulvrqv lq wklv vhw/ wkhq h{dplqh wkh gdwd wr vhh li
wkhuh lv d vljqlfdqw glhuhqfh ehwzhhq wkh huuru lq frpsdulqj lpdjhv wkdw forvho|
uhvhpeoh hdfk rwkhu dqg wkh huuru lq frpsdulqj lpdjhv wkdw glhu vljqlfdqwo|1
Dv dq h{dpsoh/ wdeoh 5 surylghv vxfk gdwd iru vrph ri wkh vwdqgdug doskdehw
fkdudfwhuv xvlqj wkh 93 odujhvw frh!flhqwv1
|@K,e 2 G Wkh uhodwlyh huuru+(, lq frpsdulqj +sdluzlvh, vrph ri wkh doskdehw
fkdudfwhuv
<
   ( . 8 C f t ~
 f SD SH S SH . D. DH H .
 f SH eH DH .H DH Sf . e2
 f Df . .2 D2 .D .f .
( f SD . SD SH .D SD
. f .. SH S2 Hf S.
8 f Hf .D SH H2
C f .D .. SD
f f .2 e.
t .H
~
Wkh vhfrqg txhvwlrq uhodwhv wr wkh rswlpdo vl}h ri wklv vhw +ri wkh odujhvw frhi0
flhqwv,1 Dv zdv phqwlrqhg wdnlqj rqo| d *vpdoo* vhw hqdeohv wr ghyhors d phwulf
zklfk lv lqvhqvlwlyh wr vpdoo glhuhqfhv exw jlyhv pruh zhljkw wr wkh vljqlfdqw
ihdwxuhv1 Rq wkh rwkhu kdqg li wkh vhw lv wrr vpdoo wkh phwulf pd| qrw eh deoh
wr glvwlqjxlvk ehwzhhq lpdjhv wkdw glhu lq *qrqvljqlfdqw* ghwdlov1 Lw vhhpv wkdw
wkh dqvzhu wr wklv txhvwlrq ghshqgv vwurqjo| rq wkh dssolfdwlrq dqg wkh gdwd edvh
+lq ^5‘ iru h{dpsoh/ wkh txhu| surfhvv zloo uhvxow lq wkh 53 lpdjhv wkdw ehvw pdwfk
wkh txhu| lpdjh udwkhu wkdq d vlqjoh ehvw pdwfk,1
Wkh glvwulexwlrq ri wkh odujhvw vhw ri zdyhohw frh!flhqwv dw glhuhqw ohyhov ri
wkh zdyhohw ghfrpsrvlwlrq
Wkh wklug txhvwlrq uhodwhv wr wkh glvwulexwlrq ri wkh lqglfhv ri wkh odujhvw
frh!flhqwv dw glhuhqw ohyhov ri wkh zdyhohw ghfrpsrvlwlrq1 Uhfdoolqj wkdw dw
hdfk ohyho ri wkh zdyhohw ghfrpsrvlwlrq d owhu edqn frpsrvhg ri d orz sdvv owhu
dqg d kljk sdvv owhu duh dssolhg wr wkh gdwd iroorzhg e| wkh ghflpdwlrq ri wkh
uhvxowv/ wkh kljk sdvv owhu dw wkh uvw ohyho ri wkh ghfrpsrvlwlrq zloo h{wudfw wkh
kljkhvw iuhtxhqf| frpsrqhqwv ri wkh gdwd zkloh wkh orz sdvv owhu zloo dyhudjh
wkh gdwd1 Wkh vhfrqg ohyho ri wkh ghfrpsrvlwlrq zloo uhpryh wkh qh{w ohyho ri
kljk iuhtxhqf| frpsrqhqwv iurp wkh rxwsxw ri wkh suhylrxv orz sdvv owhu dqg vr
iruwk/ vr wkdw iru dq lpdjh zlwk kljk ohyho ri uhjxodulw| rqh zrxog h{shfw wkdw wkh
odujhvw zdyhohw frh!flhqwv zloo dsshdu lq wkh odwhu ohyhov ri wkh ghfrpsrvlwlrq1
Iru dq lpdjh zlwk udqgrp hqwulhv rqh zrxog h{shfw wkh lqyhuvh wr kdsshq/ l1h1
wkh uvw ohyhov ri wkh ghfrpsrvlwlrq zloo frqwdlq wkh odujhvw frh!flhqwv1
Lq dq h{shulphqw wklv glvwulexwlrq zdv fdofxodwhg iru lpdjhv ri vl}h 45;{45;
xvlqj : ohyhov ri qrqvwdqgdug *kddu* ghfrpsrvlwlrq1
Wkh uhvxowv duh vxppdul}hg lq wdeoh 61 Wkh| lqfoxgh wkh vwdqgdug ohwwhuv D/ E
dqg ] +elwpds lpdjhv,/ wkh vwdqgdug lqgh{hg froru lpdjhv *zrpdq* dqg *zedue*
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+iurp PDWODE, dqg dq lqgh{hg froru lpdjh frpsrvhg ri udqgrp hqwulhv1 Wkh
gdwd uhihuv wr wkh glvwulexwlrq ri wkh odujhvw 93 zdyhohw frh!flhqwv1
A@K,e  G Wkh glvwulexwlrq ri wkh odujhvw 93 frh!flhqwv dw glhuhqw ohyhov ri wkh
zdyhohw ghfrpsrvlwlrq iru ydulrxv lpdjhv1
Ghfrpsrvlwlrq Ohyho
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Qrwh wkdw iru wkh lpdjh zlwk udqgrp hqwulhv/ doprvw doo wkh 93 odujhvw frhi0
flhqwv duh dw wkh uvw dqg vhfrqg ohyhov ri wkh ghfrpsrvlwlrq1 Lq frqwudvw/ iru
doo wkh rwkhu lpdjhv/ qrqh ri wkh frh!flhqwv lv dw wkh uvw ohyho ri ghfrpsrvlwlrq
dqg iru wkh froru lqgh{hg lpdjhv *zrpdq* dqg *zedue* qrqh lv dw wkh uvw ru wkh
vhfrqg ohyhov ri wkh ghfrpsrvlwlrq1 Lq wkh vwdqgdug zdyhohw ghfrpsrvlwlrq/ 627
ri wkh wrwdo 45;a5 frh!flhqwv duh dw ohyho 4 dqg 48249 ri wkh frh!flhqwv duh dw
ohyhov 4 dqg 51 Wklv phdqv wkdw iru dq dssolfdwlrq zlwk d vlplodu glvwulexwlrq/ wkh
vhdufk iru wkh odujhvw 93 frh!flhqwv fdq eh olplwhg rqo| lq wkh vhw ri frh!flhqwv
dw ohyhov 5 wkurxjk : zklfk lv rqo| 427 ri wkh wrwdo frh!flhqwv ru hyhq lq wkh
vhw ri frh!flhqwv dw ohyhov 6 wkurxjk : zklfk frpsulvhv rqo| 4249 ri wkh wrwdo
frh!flhqwv/ wkxv lqfuhdvlqj wkh vshhg ri wkh txhu| dojrulwkp1
Wkh u^ Phwulf=
Lq ^5‘/ wkh uhodwlyh huuru lv edvhg rq frpsxwlqj wkh ryhuods +ru wkh frpprq
hohphqwv, ri wkh lqglfhv ri wkh 93 odujhvw frh!flhqwv lq wkh txhu| dqg wdujhw
lpdjhv1 Li lqvwhdg zh doorz d wrohudqfh rq wkh ydoxh ri wkh lqglfhv zkhq zh
frpsduh wkh frpprq hohphqwv/ fdq wklv lpsuryh wkh phwulfB1 Zrxog wklv lqfuhdvh
wkh jds ehwzhhq wkh huuru lq frpsdulqj lpdjhv wkdw forvho| uhvhpeoh hdfk rwkhu
dqg wkh huuru lq frpsdulqj lpdjhv zklfk glhu vljqlfdqwo|B pruh uhvhdufk qhhgv
wr eh grqh wr vhh li doorzlqj d wrohudqfh rq wkh ydoxh ri wkh lqglfhv fdq lpsuryh
wkh phwulf1
Dfnqrzohgjphqw
L zrxog olnh wr wkdqn Surihvvru Edood Udylnxpdu ri Xqlyhuvlw| ri Ukrgh Lvodqg/
Frpsxwhu Vflhqfh Ghsduwphqw iru klv khosixo frpphqwv/ klv dgylvh/ uhylhz hruwv
dqg hqfrxudjhphqw gxulqj wkh zrun rq wklv uhvhdufk1 Klv jxlgdqfh dqg hqgohvv
44
sdwlhqfh zhuh fuxfldo lq frpsohwlqj wklv surmhfw1
Uhihuhqfhv
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